Introduction
[2] One of the most debated aspects of continental tectonics centers on how a thermally and rheologically evolving lower crust influences the behavior of deforming continental lithosphere [Hopper and Buck, 1998; Westaway, 1998; McKenzie et al., 2000; Clark and Royden, 2000; Abers et al., 2002] . The strength and rheological behavior of the middle and lower crust (as defined in section 3) are especially important for understanding the origin of highly localized (<100 km wide) zones of extension called metamorphic core complexes [Coney and Harms, 1984; Friedman and Armstrong, 1988; Martínez et al., 2001; Wijns et al., 2005] . Many published models have suggested that core complexes form where efficient flow in a weak lower crust allows crustal thinning to focus into narrow zones, even though some strain is distributed over a broad area [Gans, 1987; Buck, 1991; Wernicke, 1992; Buck, 1996, 1998; McKenzie and Jackson, 2002; Abers et al., 2002; Wijns et al., 2005] . This focusing effect may permit large displacements to occur on relatively few normal faults, leading to the collapse of the upper crust and the unroofing of the deep crust. However, despite evidence that flow in a weak lower crust promotes core complex-style extension, there is considerable uncertainty surrounding the mechanisms of weakening, how long they last, and how they change as deformation proceeds. Some alternative models of extension [e.g., Nagel and Buck, 2004; Jolivet et al., 2004] , including postconvergent extension in orogens [Jamieson et al., 2002] , emphasize the important role of flow in a weak middle crust in controlling the behavior of extending continental lithosphere.
[3] In this paper, we present the results of a field-based investigation that addresses differences in the behavior of lower and middle crust during the formation of Mesozoic metamorphic core complexes in western New Zealand. The Fiordland region exposes over 3000 km 2 of lower and middle crustal rocks (Figure 1 ) that record evidence for several mechanisms controlling lower and midcrustal weakening during extension. Among the interactions we investigated were relationships among extension, magmatism, elevated temperatures (lower crustal temperatures of T > 700°C), and granulite facies metamorphism. This history enabled us to test whether flow in a hot, weak lower crust controlled the formation of core complexes in this setting. This hypothesis is especially relevant to Fiordland geology because there have been conflicting views on the thermal and tectonic evolution of this region and the age of lower crustal fabrics. One view suggests that high Figure 1 . Present configuration (top of inset) and Cretaceous reconstruction (bottom of inset and main diagram) of western New Zealand after Tulloch and Challis [2000] . General geologic relationships in Fiordland are from Wood [1972] , Oliver and Coggon [1979] , Bradshaw [1989a , Daczko et al. [2002a , Tulloch and Kimbrough [2003] , and Klepeis et al. [2004] . Area near Resolution Island is from , Allibone et al. [2005] , and Milan et al. [2005] . Westland geology is after the compilation of Tulloch and Challis [2000] . Abbreviations are as follows: SP, Separation Point, MS, Milford Sound; GS, George Sound; CS, Caswell Sound; DS, Doubtful Sound; RI, Resolution Island; LTA, Lake Te Anau; LM, Lake Manapouri; CF, Cape Foulwind; WHC, White Horse Creek. Metamorphic pressures from Fiordland represent the peak of Early Cretaceous metamorphism at $120 Ma and are from Bradshaw [1985 Bradshaw [ , 1989a Bradshaw [ , 1989b , Brown [1996] , Klepeis et al. [1999] , Clarke et al. [2000] , Daczko et al. [2001a Daczko et al. [ , 2001b Daczko et al. [ , 2002a Daczko et al. [ , 2002b , Oliver [1977] , Gibson and Ireland [1995] , Davids [1999] ; Hollis et al. [2004] , and Milan et al. [2005] . Pressures from Westland show shallower early mid-Cretaceous (125-105 Ma) pluton emplacement depths [after Tulloch and Challis, 2000] . Profile A-B across Paparoa Range shown in Figure 3a . Boxes show areas of study. temperatures in excess of 700°C, induced by magmatism, weakened the lower crust when extension initiated during the mid-Cretaceous [Gibson and Ireland, 1995] . An alternative view suggests that the lower crust had cooled significantly and was relatively strong and highly viscous prior to the onset of the extension [Daczko et al., 2002c; Klepeis et al., 2004; Marcotte et al., 2005] . This conflict partially reflects models built on field observations made in different areas of Fiordland and uncertainties surrounding the age and tectonic significance of deep crustal fabrics.
[4] Here, we establish the role of the lower and middle crust during the formation of Mesozoic core complexes in Fiordland through the following steps: (1) determining the age and sequence of lower crustal deformation, metamorphism, and magmatism; (2) establishing space-time relationships between mechanisms of lower crustal weakening and extensional deformation; and (3) determining where and when linkages between extensional structures in the lower, middle and upper crust were established. This latter part of the test is enabled by pre-Cenozoic markers, including the Median Batholith (Figure 1 inset) , that allow the restoration of the relative positions of crustal blocks representing different Mesozoic paleodepths. A well-established Cretaceous reconstruction places the lower crust of the Gondwana magmatic arc next to rocks that represent the middle and upper crust of the same arc in Westland [Gibson, 1990; Oliver, 1990; Tulloch and Challis, 2000] . The original depth-stratified geometry of the Fiordland section has been reconstructed using metamorphic pressure data and U-Pb isotopic age determinations . Similar methods have been used in orogenic belts elsewhere [Miller and Paterson, 2001; Karlstrom and Williams, 2006] .
Tectonic and Geologic Framework
[5] Western New Zealand records a mid-Cretaceous transition from a continental margin dominated by contraction, crustal thickening, and arc magmatism to one dominated by lithospheric extension and the formation of metamorphic core complexes. By $120 Ma, convergence and arc magmatism along the Gondwana margin had thickened the crust to >45 km [Bradshaw, 1989a; Clarke et al., 2000; Daczko et al., 2001a] . The magmatism culminated in the emplacement of a mafic-intermediate batholith called the Western Fiordland Orthogneiss (WFO). Portions of the batholith emplaced at midcrustal levels (P < 8 kbar, T > 700°C) were subsequently buried and experienced granulite facies metamorphism at P = 11 -16 kbar and T > 750°C [Blattner, 1976; Daczko et al., 2001a] . The batholith records ages in the range 126 -120 Ma in northern Fiordland [Mattinson et al., 1986; Hollis et al., 2003] . However, crystallization ages as young as 116-113 Ma have been obtained from central Fiordland Tulloch and Kimbrough, 2003; Hollis et al., 2004] .
[6] Daczko et al. [2002c] reported isobaric cooling of the WFO and adjacent rocks to T = 650 -700°C and P = 11-15 kbar by circa 110 Ma. Flowers et al. [2005] refined this age estimate and concluded that lower crustal cooling from T ! 700°C through to 550-650°C occurred without significant exhumation between $113.5 and $111 Ma. Marcotte et al. [2005] showed that cooling began as early as circa 119 Ma in northern Fiordland.
[7] Extensional structures began to form in the upper and middle crust of the orogen by circa 110 Ma [Tulloch and Kimbrough, 1989; Spell et al., 2000] . The initiation of these structures appears to have been contemporary with the emplacement of the last arc plutons [Waight et al., 1998 ] and a reorganization of plate boundaries that ended subduction along the margin [J. D. Bradshaw, 1989; Sutherland et al., 2000] . Geochemical data and geochronology from upper crustal granitoids indicate that subduction-related magmatism within the margin lasted until circa 105 Ma [Tulloch and Kimbrough, 2003] . During the period 110-90 Ma several extensional metamorphic core complexes juxtaposed middle and upper crust in rocks now exposed in Westland. The best known of these is the Paparoa core complex [Tulloch and Kimbrough, 1989; Spell et al., 2000] .
[8] One of the largest extensional structures in lower crustal rocks is the Doubtful Sound Shear Zone, which was originally mapped as a thrust by Oliver and Coggon [1979] and Oliver [1980] and later interpreted as a ductile normal fault by Gibson et al. [1988] and Oliver [1990] . At Mount Irene (MI, Figure 2a) , Scott [2004] identified a mylonitic, amphibolite to greenschist facies shear zone that separates Paleozoic sequences (the Mount Irene Complex) from underlying orthogneiss of probably Cretaceous age (the Robin Gneiss). A syntectonic dike from the shear zone yielded a U-Pb zircon age of $108 Ma [Scott and Cooper, 2006] . Finally, bedrock mapping on Resolution Island by I. Turnbull and others at the Institute for Geological and Nuclear Sciences in Dunedin (I. Turnbull, personal communications to K. A. 2006) has revealed another major extensional shear zone. Kula et al. [2005] describe the Late Cretaceous Sisters Shear Zone on Stewart Island (Figure 1 ), which records extension of the upper and middle crust following emplacement of the Paparoa core complex.
[9] By circa 84 Ma, the proto-New Zealand continent had rifted away from Australia and Antarctica and seafloor spreading initiated in the Tasman Sea [Gaina et al., 1998 ]. Western New Zealand thus records a type of continental extension that involved all crustal levels and eventually led to lithospheric failure and the formation of an ocean basin.
Definition of the Middle and Lower Crust
[10] The division of continental crust into upper, middle and lower crustal layers is a common approach in models of lithospheric-scale processes [e.g., Hopper and Buck, 1998; Westaway, 1998; McKenzie et al., 2000; Martínez et al., 2001] . These divisions are inherently approximate and typically are made on the basis of variations in seismic velocity, composition, and/or mechanical properties with depth. Here, we summarize the characteristics commonly assigned to these layers at continental margins and define them in western New Zealand. [11] The upper 10-15 km of the continental crust typically displays seismic velocities in the range 5.9-6.3 km s
À1
and a mean composition between that of granodiorite and diorite [Christensen and Mooney, 1995; Mooney et al., 1998; Rudnick and Gao, 2003] . Laboratory experiments and rheological models of quartz-dominated rocks suggest that crustal yield strengths initially increase with depth and then are sharply reduced after some 15 km [Kohlstedt et al., 1995] where rocks deform mostly by solid-state creep. The velocity range of ''normal'' middle crust generally is taken to be 6.4-6.7 km s À1 [Mooney et al., 1998 ], but it is poorly defined. Global averages suggest that it is about 11 km thick with a depth range of 12-23 km [Rudnick and Fountain, 1995; Gao et al., 1998 ]. Most commonly, the middle crust is distinguished from the lower crust on the basis of both velocity variations and composition. The typical velocity range of the lower crust (6.8 -7.7 km s À1 ) suggests that this layer is more mafic and dense than overlying middle crust [Mooney et al., 1998 ]. It also is commonly assumed to be weaker than the middle crust due to the elevated temperatures found at these depths [e.g., Royden, 1996; Handy and Brun, 2004; Burov and Watts, 2006] , although this rheological model has been challenged [Maggi et al., 2000; Jackson, 2002; Klepeis et al., 2003 Klepeis et al., , 2004 Afonso and Ranalli, 2004] . In tectonically active rifts and rifted margins, the lower crust is much thinner than the global average of 17 km. In orogenic belts where substantial crustal thickening has occurred, it may be up to 25 km thick [Rudnick and Fountain, 1995] . Both dry and wet rock types occur in the lower crust. For dry crust, high-pressure granulites ranging in composition from gabbro to granodiorite and diorite and containing abundant plagioclase and pyroxene appear representative; for wet lower crust, amphibolites mixed with silicic material appear appropriate [Christensen and Fountain, 1975; Oliver, 1980; Baldwin et al., 2003] .
[12] The Mesozoic architecture of Fiordland and the once contiguous Westland provides a nearly complete section of continental lithosphere with a depth range of 8-45 km (Figure 1 ). In Westland, granitoids of the $126 -105 Ma Separation Point Suite (Figure 1 ) record Early Cretaceous emplacement depths of 8 -27 km (P = 2 -7 kbar) [Tulloch and Challis, 2000] . In central Fiordland, Cretaceous lower crust is represented by exposures of high-P (10 -15 kbar) granulite facies orthogneiss [Oliver, 1977; Gibson and Ireland, 1995; Davids, 1999; Hollis et al., 2004] . These high-P gneisses mostly occur in the footwalls of two major extensional shear zones (''g,'' Figure 2c ), the Doubtful Sound Shear Zone and the Resolution Island Shear Zone (new name). Beneath the former they occur within the Western Fiordland Orthogneiss, beneath the latter they form part of a mafic unit called the Breaksea Gneiss. Metagabbro and metadiorite compositions are represented, including dry (granulite) and wet (amphibolite) varieties. Plagioclase, clinopyroxene, and garnet are common. Paragneiss is present but minor.
[13] Metasediment and orthogneiss of mixed Paleozoic and Mesozoic ages structurally overlie the WFO. These rocks display upper amphibolite and greenschist facies mineral assemblages and record pressures in the range 5 -9 kbar [Oliver, 1977; Gibson and Ireland, 1995, 1996; Ireland and Gibson, 1998; Scott, 2004] . These latter, mostly pre-Cretaceous, rocks are interpreted to represent the middle crust, which is composed of paragneiss, quartz-biotite schist, marble, granite, diorite and minor amphibolite. Exposures of the middle crust north of Doubtful Sound include relatively shallow (midcrustal) parts of the WFO and other units interpreted to be related to the WFO in age and setting. These and other igneous units are hydrous, containing mostly biotite, clinozoisite, and hornblende. They lack clinopyroxene, garnet is rare but present, and granulites generally are absent.
Paparoa Core Complex: Middle and Upper Crust
[14] Ductilely deformed granitoids and paragneiss in the core of the Paparoa Range are separated from overlying Paleozoic and Mesozoic cover rocks by two low-angle normal faults called the Pike and Ohika detachments (Figure 3a ). These faults dip in opposite directions and display opposite senses of shear. Quartz and epidote striae on the faults show symmetrical, SW and NE directed displacements (Figure 3b ).
[15] Below the Pike fault, a 50 m thick zone of mylonite, referred to here as the Paparoa Shear Zone, occurs (PSZ, Figures 3a and 3c ). Previous work suggests that this shear zone formed at depths of 15-20 km [White, 1994] by $110 Ma [Tulloch and Kimbrough, 1989; Spell et al., 2000] . We determined the sequential evolution of ductile structures within and below this zone of mylonite.
[16] The upper and lower boundaries of the Paparoa Shear Zone are well exposed (Figure 3c ). Below the shear zone, deformed granitoids of the Charleston Metamorphic Group display several gneissic foliations, collectively referred to here as S 1 . This composite fabric is folded and dips mainly to the south, SE, and east ( Figure 3d ). Downdip quartz-biotite mineral lineations (L 1 ) plunge gently to the SE (Figure 3d ). The L 1 -S 1 fabric is cut discordantly by penetrative mylonitic and ultramylonitic foliations (S 2 ) that define the Paparoa Shear Zone. These mylonites display quartz ribbons and aligned biotite and muscovite crystals Scott and Cooper [2006] . that form a fine-grained matrix surrounding rotated, fractured feldspar porphyroclasts. Dynamically recrystallized quartz (regime 3 subgrain rotation and strain-induced grain boundary migration) and brittle fractures in feldspar are consistent with deformation temperatures in the range of 400 -550°C [Tullis et al., 2000] . Penetrative mineral lineations (L 2 ) defined by quartz rods and stretched quartz-mica aggregates plunge to the SW and NE on S 2 planes (Figure 3e ). These L 2 lineations are easily distinguished from the older L 1 lineations on the basis of discordant geometries (compare Figures 3d and 3e) . A few L 1 lineations in Figure 3d plot in the NE and SW quadrants and appear to have rotated into parallelism with L 2 during deformation. Several generations of folds occur in the Paparoa Shear Zone. The S 2 foliation is folded by tight to isoclinal, recumbent folds (F 2 ) that display sheared out limbs. These are refolded about an axis (F 3 ) that plunges gently to the SW parallel to the L 2 lineations (Figure 3f ). The F 3 folds are asymmetric, open to tight, and display both rounded and chevron-shaped hinges. The F 3 axial planes dip moderately to the NE. Brittle normal faults, including the Pike fault, cut all ductile structures in this shear zone.
[17] High strain zones also occur, locally, below the Ohika detachment fault (Figure 3g ). However, these shear zones are subordinate in size (<10 m thick) and lack the penetrative character of the Paparoa Shear Zone. Instead, they form a series of subparallel S 2 shear bands that dip gently to the NE, parallel to the Ohika fault in Cretaceous granitoids of the Rahu Suite (Figure 1 ). Open folds of this older foliation occur between the S 2 shear bands. Quartz and biotite mineral lineations (L 2 ) plunge gently to the NE and SW (Figure 3h ).
[18] The predominance of mylonitic fabrics on the SW side of the range suggests that deformation in the Paparoa Shear Zone and, later, on the Pike fault was responsible for most of the unroofing of the midcrustal core. Spell et al.
[2000] reached a similar conclusion on the basis of a younging of Cretaceous cooling ages toward the SW. We also conclude that the directions of extension and similar age of D 2 deformation in the Paparoa Shear Zone and in the Cretaceous fabrics located below the Ohika fault indicate that there was kinematic compatibility between ductile deformation on the northern and southern sides of the range. Kinematic compatibility between the brittle upper crust and the ductile middle crust also is indicated by the parallelism between L 2 stretching lineations and striae orientations in the Pike and Ohika faults. (Figures 2b and 2c) . The bands display two dominant orientations: one set dips to the SW, the other to the NE. Intermediate orientations also are present. The macroscopic structure of the largest splays dip gently to the northeast. For this reason we refer to these main northeast dipping splays as synthetic and the southwest dipping splays as antithetic to the main shear zone. The symmetric style implies that the shear zones record a significant component of pure shear.
[20] The main splays of the Doubtful Sound and Resolution Island shear zones locally form the contacts between lower crustal rocks of the granulite facies WFO and overlying midcrustal host rock. South of Doubtful Sound, branches of mylonite cut deep into coherent bodies of gabbroic and dioritic WFO (Figures 2b and 2c) . A similar geometry occurs on Resolution Island where the Resolution Island Shear Zone cuts deep inside mafic granulite facies orthogneiss containing eclogite pods in the Breaksea Gneiss. These branching zones, enclose oblate-shaped lozenges of deformed plutonic and host rock that patchily preserve older relics of garnet granulite (Figures 4a and 4b) . The amount of displacement on these shear zones is unknown but appears to be at least 15 km, and may be considerably more, on the basis of contrasts in metamorphic pressures across the high-strain zones. The garnet-granulite mineral assemblages attest to an early high-T history in the lower crust.
[21] Above the main splays of the Doubtful Sound and Resolution Island shear zones are two antithetic, upper amphibolite facies shear zones that dip gently to the west and southwest (Figure 2c ). Open synclines deform gneissic layering (S 1 ) in host rocks above the splays (Figure 2c ) and tight, recumbent folds of S 1 occur near them (Figures 4c  and 4d ). The upper part of the WFO is exposed between Doubtful Sound and Mount Irene. Most of this section of the WFO also lacks evidence of penetrative subsolidus deformation, except along its margins. The two main exceptions to this include the antithetic shear zone at Bradshaw Sound and high-strain zones that occur below and west of Mount Irene along the contact between the WFO and overlying Paleozoic host. These high-strain zones dip to the SW and NE, mimicking the internal structure of the Doubtful Sound and Resolution Island shear zones. Some high-strain zones are folded about NE plunging fold axes [Scott, 2004] and penetrate into the footwall of the batholith indicating that they are Cretaceous in age. The lack of penetrative deformation in large parts of the section shown in Figure 2c indicates that extension affecting the lower crust was highly localized.
Evolution of Lower Crustal Fabrics
[22] Mineral fabrics within the footwalls of the Doubtful Sound and Resolution Island shear zones (i.e., the deepest part of the lower crustal section) comprise three groups that are distinguishable on the basis of crosscutting relationships, mineral assemblage, texture, and spatial distribution. In sequence, these include (1) a heterogeneous, but widespread magmatic fabric (S WFO ) composed of hydrous, twopyroxene igneous assemblages; (2) a penetrative prograde garnet granulite facies foliation (S GG ); and (3) thin strands of retrogressive upper amphibolite facies mylonite (S SZ ) of the Doubtful Sound and Resolution Island shear zones. These three groups of fabrics correspond to a general pattern of zoning within the lower crustal part of the WFO first identified by Oliver [1977] . Oliver [1977] provides excellent petrologic descriptions of these fabrics, which he refers to as the Malaspina Gneiss, the Turn Point Gneiss, and Waipiro Cove Gneiss, respectively ( Figure 2b ). Here, we report the sequential evolution of these fabrics and show that they record a progressive change in temperature, pressure, and fluid conditions in the lower crust. They also record a progressive localization of strain toward the top of the lower crust and into the middle crust.
[23] Two-pyroxene, hornblende-bearing igneous assemblages (S WFO ) display weak to moderate grain shape alignment and lack textural evidence of subsolidus recrystallization. Plagioclase grains are tabular and compositionally zoned, and hornblende commonly is anticlustered. Foliation planes are highly variable in orientation. Garnet-and hornblendebearing dikes within this fabric cut one another at high angles and are unfoliated ( Figure 5a ). These textures reflect deformation prior to the complete crystallization of the WFO batholith.
[24] Below and within 1 km of the Doubtful Sound and Resolution Island shear zones the S WFO fabric is folded, recrystallized and transposed parallel to a penetrative garnet granulite facies foliation (S GG ) ( Figure 5b ). Thin, 1 -4 cm wide veins and dikes that cut S WFO and are bordered by haloes of garnet granulite [Oliver, 1977] also are transposed parallel to S GG . Garnet-and clinopyroxene-bearing coronas surround the older igneous S WFO assemblages. The S GG foliation planes are subhorizontal and gently dipping to the NE and SW, and are defined by coarse ribbons of recrystallized plagioclase, sheared clinopyroxene + garnet aggregates, and minor quartz (Figures 5c and 5d ). Stretched plagioclase forms a penetrative, gently plunging mineral lineation (L GG ) on foliation planes in high-strain zones. Garnet and clinopyroxene overgrowths on garnet porphyroblasts are aligned parallel to this lineation. Plagioclase exhibits evidence of dynamic recrystallization via subgrain rotation, grain boundary migration, and the formation of core-mantle structures (regime 2 dislocation creep, Tullis et al. [2000] , Figure 5d ). A strong lattice preferred orientation (LPO), first reported by King [2006] , occurs in recrystallized plagioclase, suggesting deformation occurred by dislocation creep at high-T (>550°C) and under dry conditions.
[25] Upper amphibolite facies foliation planes (S SZ ) of the Doubtful Sound and Resolution Island shear zones are defined by aligned clusters of plagioclase, hornblende, clinozoisite and, locally, biotite. Stretched hornblende and plagioclase ribbons define penetrative mineral lineations (L SZ ) on foliation planes where boudinage indicates that they mark true stretching directions. Plagioclase grains show recrystallization through grain boundary migration (Figure 5f ). Plagioclase grains also contain exsolution lamellae and form a shape preferred orientation (SPO). These textures reflect deformation under hydrous high-T (T > 550°C) conditions (regime 2 dislocation creep [Tullis et al., 2000] ). Most of the hydrous minerals exhibit evidence of extensive neoblastic growth. Near the boundaries of high-strain zones, garnet granulite facies mineral assemblages are recrystallized and transposed into parallelism with the upper amphibolite facies S SZ foliations ( Figure 5e ).
Structurally below this transition zone, within at least the five kilometers of exposed section, the L GG and the L SZ lineations remain parallel. This parallelism of the lineations in zones where the two fabrics do not interact suggests that the deformations that produced them were kinematically compatible.
[26] In the hanging walls of the Doubtful Sound and Resolution Island shear zones Paleozoic metasediment and orthogneiss display several regional upper amphibolite facies gneissic foliations that may be parallel or oblique to S GG and S SZ (Figures 2b and 2c ). Metamorphic mineral assemblages that define these foliations (collectively referred to as S 1 ) may be Paleozoic or Mesozoic Hollis et al., 2004] . Within paragneiss, tight, recumbent folds of S 1 occur within several hundred meters of the Doubtful Sound Shear Zone (Figures 4c and 4d ), 
Temperatures and Pressures of Deformation
[27] Estimates of T > 700°C for peak assemblages (S GG ) in the footwall of the Doubtful Sound Shear Zone [Oliver, 1977; Gibson and Ireland, 1995; Hollis et al., 2004; De Paoli, 2005] are in agreement with T estimates of 750-850°C derived from similar garnet granulite mineral assemblages exposed near Milford Sound in northern Fiordland Daczko et al., 2002b] . The evidence of high grain boundary mobility and subgrain formation in S GG plagioclase we observed is consistent with deformation at these high temperatures.
[28] Quantitative constraints on P-T conditions accompanying the formation of amphibolite facies (S SZ ) strands of the Doubtful Sound Shear Zone have not been discussed previously. Plagioclase microstructures indicate that the deformation occurred at T > 550°C [Olsen and Kohlstedt, 1985; Pryer, 1993] . The high variance mineral assemblages developed during the formation of the Doubtful Sound Shear Zone make it is nearly impossible to obtain precise P-T estimates using conventional thermobarometry. To over come this problem, we calculated P-T pseudosections ( Figure 6 ) using THERMOCALC software to help define the P-T history of the WFO metabasites. P-T pseudosections display the multivariant mineral assemblages that are encountered by a particular bulk rock composition. They are an appropriate way of assessing changing mineral paragenesis in mafic systems, which typically contain high variance mineral assemblages [e.g., Carson et al., 1999] . THERMOCALC is an excellent method for handling the solid solution series between complex minerals, especially amphibole ]. Nevertheless, some fields could change by 0.5 -1 kbar if alternative end-member mixing models and software techniques are used, as discussed by Pattison [2003] .
[29] Pseudosections are presented for both gabbroic ( Figure 6a ) and dioritic ( Figure 6b ) rock types of the WFO, using the NCKFMASH (Na 2 O-CaO-K 2 O-FeOMgO-Al 2 O 3 -SiO 2 -H 2 O) system for H 2 O-saturated conditions. We used version 3.25 of THERMOCALC ], the most recent internally consistent thermodynamic data set Powell [1998], upgrade 5.5, November 2003) and the amphibole mixing model of Dale et al. [2005] . Limitations of the pseudosections involve the modeled equilibria being water saturated, and an inability of the software to model calcic silicate liquid. These two limitations make the assemblages shown for T > 650°C metastable with respect to melt-present equilibria. To partially overcome these limitations, we prepared a T-water content (M H2O ) diagram [Guiraud et al., 1996; Carson et al., 2000] for the gabbroic rock type (Figure 6c ). There is limited evidence for leucosome development contemporary with slip in the footwall of the Doubtful Sound Shear Zone in these rocks, consistent with metamorphic conditions having involved water activities less than one [e.g., White and Powell., 2002] . The H 2 O content has been normalized so that M H2O = 100% corresponds to the H 2 O content at the lowest temperature in the pseudosections. Bulk rock compositions used in the construction of the pseudosections were based on XRF whole rock analyses - 4.99 (diorite) . The pseudosections were constructed for metamorphic conditions between T = 550-800°C and P = 4 -16 kbar, to adequately model the P-T range inferred by previous workers.
[30] The modeled water-present pseudosections (Figures 6a and 6b) indicate that with cooling at P > 8 kbar muscovite becomes stable first and then clinozoisite. Garnet is unstable for both diorite and gabbro at moderate P < 7 kbar and moderate T < 620°C. There is a general spatial progression in the Doubtful Sound Shear Zone from granulite facies assemblages in the footwall with limited shear strain, to epidote-hornblende-plagioclase-dominated assemblages in the hanging wall [De Paoli, 2005] . Intensely foliated epidote-amphibole-dominated shear strands also cut less intensely deformed rocks dominated by garnet, diopside, hornblende, and plagioclase; indicating a temporal evolution of the Doubtful Sound Shear Zone from granulite to amphibolite facies conditions. On the basis of the presence of clinozoisite, textural evidence for the resorption of garnet and evidence for the dynamic recrystallization of plagioclase we suggest that deformation in the Doubtful Sound Shear Zone occurred at temperatures of T > 550°C and probably close to 600°C. This temperature range corresponds to a conservative pressure range of 6.2-9.4 kbar with a probable range of 7-9 kbar in the fields involving hornblende, plagioclase, clinopyroxene (diopside), biotite, clinozoisite, and quartz for dioritic gneiss (Figure 6a ) and hornblende, plagioclase, clinopyroxene, muscovite, clinozoisite, and quartz for gabbroic gneiss (Figure 6b ). This interpretation is reasonable because extensional displacement within the shear zone would have resulted in exhumation of the lower crust from pressures representing the peak of granulite facies metamorphism involving P < 12 kbar in the fields plagioclase-garnet-diopside-biotite-quartz (diorite, Figure 6a ) and hornblende-plagioclase-garnet-diopside (gabbro, Figure 6b ). Estimates of P 12 kbar and T ! 750°C representing the peak of metamorphism are derived from overlapping fields for the assemblages highlighted in Figures 6a and 6b. The P-T path indicated in Figures 6a and 6b (bold black lines) represents cooling and decompression from peak garnet granulite facies conditions through to epidote amphibolite (Doubtful Sound Shear Zone) conditions. This range of calculated pressures is similar to those recorded in midcrustal rocks exposed at George Sound [Bradshaw, 1985 [Bradshaw, , 1990 and in the Paparoa core complex [Tulloch and Kimbrough, 1989] . The T-M H2O diagram (Figure 6c ) indicates our preferred interpretation of how water activity would have evolved during evolution of the Doubtful Sound Shear Zone: prior to development of the shear zone, water activity would have been less than unity and the garnet-hornblende-plagioclase-clinopyroxene field would have persisted to lower T conditions than indicated on the water-saturated pseudosections (Figure 6a ). Fluid ingress contemporary with slip would enable the development of hornblende-rich, then muscovite and clinozoisite-bearing but fluid-deficient assemblages until water-saturated conditions were reached at upper amphibolite facies conditions. We envisage fluid ingress as having occurred in several stages during cooling resulting in a stepped-style T-M H2O path as indicated in Figure 6c .
Middle and Lower Crustal Flow Patterns
[31] To characterize the kinematics of flow within the middle and lower crust, we applied several analytical techniques to ductile fabrics in the Paparoa and Doubtful Sound shear zones, respectively. The conjugate geometry of high-strain zones, the orientation of shear zone boundaries, the degree of strain localization, and an analysis of sense of shear indicators provided boundary conditions. Application of the R f /f/q technique allowed us to evaluate the different behavior of feldspar in the two shear zones. This method has been used extensively to measure variations in the degree of alignment and shape of ellipsoidal objects in deformed rocks [e.g., Robin, 1977; Lisle, 1985; De Paor, 1988; Simpson and De Paor, 1993; Ramsey and Huber, 1983; Klepeis et al., 1999; Bailey and Eyster, 2003; Law et al., 2004] . Distinctive mechanical behaviors are expected on the basis of differences in the temperatures of deformation in the (midcrustal) Paparoa and the (lower crustal) Doubtful Sound shear zones. The analysis of feldspar also is important because it is a dominant phase in both shear zones, and it is the mineral commonly assumed to be weakest in the lower crust and therefore control lower crustal rheology [Kohlstedt et al., 1995] . Measurements of quartz and feldspar shape fabrics across strain gradients in three dimensions were used to examine the rotational history and behavior of the clasts, rather than to determine true strains. The magnitudes of finite strain we measured are underestimates of the true strains because of the combined effects of grain size reduction and recrystallization.
[32] To determine the finite vorticity of flow, we employed the porphyroclast hyperbolic distribution method of De Paor [1993, 1997] . This method also has been used successfully by others [Klepeis et al., 1999; Bailey and Eyster, 2003; Law et al., 2004] . We exploited systems of rotated feldspar grains to determine and compare finite flow parameters, including the bulk shear direction, the relative contribution of pure shear and simple shear (i.e., the degree of noncoaxiality), and the degree of crustal thinning in a vertical plane. Analyses at multiple length scales were used to obtain spatially averaged estimates of these parameters. We cross checked the results of the kinematic vorticity analyses at the scale of the entire middle crust using the methods of Gapais et al. [1987] and Choukroune et al. [1987] , which involve evaluating the symmetry of shear zones in a coordinate system defined by the finite strain axes of the deformation. In all cases our reference frame was the upper and lower boundaries of the Paparoa and Doubtful Sound shear zones. Our P-T determinations and the depth-stratified geometry of the section indicate that these shear zones formed in shallow and deep parts of the middle crust, respectively.
Sense of Shear Indicators
[33] Sense of shear indicators in the upper amphibolite facies bands of the Doubtful Sound Shear Zone include asymmetric clasts and lozenges (Figures 7a and 7b) , systems of rotated plagioclase clasts (Figure 7c ), C-S fabric, shear bands (C'-type, Figure 7d ), and asymmetric hornblende and clinozoisite fish. Maximum asymmetry occurs on surfaces oriented perpendicular to foliation and parallel to L SZ mineral lineations. The two dominant orientations of mylonite (S SZ ) display opposite senses of shear. Where the S SZ foliation dips gently to the SW the sense of shear is topdown-to-the-SW, where it dips gently to the NE the sense of shear is top-down-to-the-NE. The two sets of shear bands occur together and appear contemporaneous. The angle between the two sets ranges from <10°to about 30°.
[34] Sense of shear indicators in granulite facies rocks typically are rare because high-T conditions promote annealing and grain growth that destroys delicate microstructures. Figure 6 . (a) and (b) P-T pseudosections in NCKFMASH, with H 2 O in excess. Bulk rock composition is specified in text. The univariant reactions experienced by this bulk rock composition, as well as those that bind the higher variance fields that were experienced are shown as heavy solid lines and include, in Figure 6b , (1) hb + mu + o + cz + q = pl + g + di, (2) pa + g + o + q = hb + pl + mu + cz; and in Figure 6a , (1) hb + mu + di = pl + bi + g + cz + q, (2) hb + mu + o + cz + q = pl + g + di, (3) pa + g + o + q = hb + pl + mu + cz, (4) gl + mu + cz = hb + pa + g + o + q, (5) gl + pa + o + cz = hb + pl + mu + q, (6) hb + mu + o + q = pl + bi + g + di. The following abbreviations are used: opx, orthopyroxene; hb, hornblende; mu, muscovite; o, omphacite; cz, clinozoisite; q, quartz; pl, plagioclase; g, garnet; di, diopside; pa, paragonite; bi, biotite; gl, glaucophane; Ky, kyanite; Sill, sillimanite. Divariant fields are unshaded seven-phase regions, trivariant fields are shaded six-phase fields, quadrivariant fields are deeply shaded five-phase regions, and quinivariant fields are intensely shaded four-phase regions, etc. The heavy bold black line represents the P-T trajectory inferred for the rock types. Bold solid lines highlight the peak assemblage fields in the respective pseudosections, while the heavy dashed black line represents kyanite to sillimanite phase transition. (c) T-MH 2 O diagram calculated at P = 10 kbar for the rock type shown in Figure 6b . Diagram shows reduced water activities during granulite facies metamorphism prior to development of the Doubtful Sound Shear Zone (white star). Black dashed line is an inferred T-MH 2 O path showing fluid infiltration in several stages during cooling.
We found the following types of asymmetric structures within the prograde S GG -L GG fabric: asymmetric garnet and clinopyroxene coronas around hornblende fish, oblique plagioclase foliations, oblique LPO in plagioclase, orthopyroxene fish (Figure 5d ), and the deflection of dikes and the S WFO fabric in high-strain zones. Like those of the L SZ -S SZ fabric, maximum asymmetry occurs within vertical planes that contain the L GG mineral lineations. Similarly, where the S GG foliation dips gently to the SW the sense of shear is top-down-to-the-SW. Where it dips gently to the NE, the sense of shear is top-down-to-the-NE. This symmetric pattern suggests that a component of pure shear accompanied deformation in the lower crust during granulite facies metamorphism as well as later during later deformation at the upper amphibolite facies.
[35] The directions and sense of shear recorded by the ductile and brittle components of the Paparoa core complex also are consistent with regional NE-SW extension and a component of subvertical pure shear. In the Paparoa Shear Zone, sense of shear indicators include, C-S fabric, mica fish, asymmetric tails of biotite and quartz around feldspar porphyroclasts, microfaults in feldspar, and lattice preferred orientation (LPO) in dynamically recrystallized quartz. These structures reveal a normal, top-down-to-the-SW sense of shear in the Paparoa Shear Zone parallel to L 2 mineral stretching lineations. Folding between shear bands locally has resulted in an apparent reverse sense of shear between shear bands that display a dominantly top-down-tothe-NE shear sense (Figure 3i ).
Strain and Vorticity Measurements
[36] We used three sites in the Charleston Metamorphic Group near White Horse Creek to characterize quartz and feldspar shape fabrics in the Paparoa Shear Zone using the R f /f/q method [Lisle, 1985; Ramsey and Huber, 1983] . Single grains and aggregates of recrystallized grains derived from initial single grains were measured. Site WHC6 is located structurally below and outside the shear zone (Figure 3b) where the L 1 -S 1 fabric dominates. Site WHC5 is located several tens of meters inside the shear zone and site WHC2 is from a zone of L 2 -S 2 ultramylonite (Figure 8a) . Two-dimensional measurements of >80 quartz grains from each site show an increase in minimum strain ratio (R s ) from R s = 1.9 outside the shear zone to at least R s = 2.9 in the zone of ultramylonite (Figures 8b, 8c and 8d ). In contrast, measurements of >90 feldspar grains at each site indicated no significant change in strain ratio across the gradient, with R s values consistently <1.5 (Figures 8e, 8f and 8g) and commonly near 1.0. These patterns illustrate the ductility of quartz and minimal shape change in feldspar. They also define low, intermediate and high-strain zones in the field and confirm a similar, qualitative result indicated by variations in the degree of F 2 fold tightness and the transposition of S 1 .
[37] A three-dimensional analysis of measured quartz and feldspar grains from the three sites confirmed the distinctive geometries of the L 1 -S 1 and L 2 -S 2 fabrics, indicating that the R f /f/q technique is sensitive to these different deformations. To obtain the ellipsoids, we combined two-dimensional information on strain ellipses obtained from three mutually perpendicular faces following the methods of Owens [1984] and Bhattacharyya and Hudleston [2001] . A comparison of several solutions at different strain ratios indicates an increase in the preferred alignment of the long axes of both quartz and feldspar grains toward the SSW with increasing strain (Figures 8h-8m) . The calculated directions of maximum finite extension (X) (Figures 8f and 8m) for both quartz and feldspar parallel measured L 2 mineral lineations at high strains (Figures 8j and 8m) . The cluster of strain axes from the 5-8 iterations, suggests a precise result. The patterns also are consistent with the progressive rotation of feldspar clasts with increasing strain ratio. Axes of maximum finite shortening (Z) plunge steeply in directions that are subperpendicular to foliation planes (S 2 ) (compare Figures 3e and 8j) . The range of plunges is interpreted to reflect folding (F 3 ) of S 2 about axes that parallel the X direction (Figure 3e ). Slightly prolate and slightly oblate finite strain ellipsoids are represented. However, microstructural evidence of neoblastic mineral growth (mostly biotite and muscovite) and fluid transfer within the shear zone raises the possibility of some volume loss during deformation, indicating that the significance of these shape differences cannot be resolved with certainty. The possibility of significant volume loss suggests that some of the strain ellipsoids fall within the field of true constriction.
[38] For the Doubtful Sound Shear Zone, we used three sites (0421, 0427 and 0429) from First Arm to investigate feldspar behavior in the shear zone (Figure 2b ). Site 0429 is located within weakly deformed diorite of the WFO outside and structurally below the shear zone. This locality is dominated by S WFO . Site 0427 is from several tens of meters inside the shear zone and site 0421 is from a zone of S SZ mylonite at Joseph Point (JP, Figure 2b ). Twodimensional measurements of 30 plagioclase grains from each site indicate an increase in minimum strain ratio (R s ) from R s = 1.8 outside the shear zone to at least R s = 3.8 at Joseph Point (Figures 8n, 8o and 8p ). These patterns confirm the presence of a strain gradient identified in the field and they illustrate that shape change in feldspar was important in accommodating strain in the Doubtful Sound Shear Zone. However, the strain ratios are much lower than those observed in other major detachment faults (e.g., R s = 6.4 from a detachment fault measured by Bailey and Eyster [2003] in the Pinaleño mountains metamorphic core complex). This probably reflects the fact that other phases, such as hornblende and biotite also played a role in accommodating the strain.
[39] A three-dimensional (3-D) analysis of feldspar shape fabrics from the Doubtful Sound Shear Zone shows the axes of six possible strain tensors that fit the data (Figure 8q) . The plot shows a cluster of X axes toward the NE, parallel to L SZ mineral lineations in the DSSZ. However, the calculated axes also show a larger degree of scatter than those in the Paparoa Shear Zone. This relatively poor clustering reflects subsolidus creep in feldspar.
[40] The results of a comparison of strain measurements in the Paparoa and Doubtful Sound shear zones reveal the following patterns: (1) Different feldspar rheologies characterize the mylonitic portions of the two shear zones. (2) Despite the different rheologies, both shear zones display similar subhorizontal X directions and similar subvertical Z directions. (3) The clasts in shear zones at different depths rotated toward similar subhorizontal NE-SW directions with increasing strain.
[41] The orientations and patterns of asymmetric tails on rotated feldspar porphyroclasts (e.g., Figures 9b -9d ) allowed us to obtain estimates of the finite vorticity of flow in the Paparoa and Doubtful Sound shear zones. We measured the distribution of rotated clasts at six localities at Crooked Arm (Figure 2b ) and three localities at White Horse Creek (Figure 3b ). This approach requires that the grains rotated freely in a ductilely deforming matrix [Passchier, 1987] . Our strain measurements (Figure 8 ) suggest that feldspar clasts in both the Paparoa and Doubtful Sound shear zones rotated toward the direction of maximum finite extension (X) with increasing strain. Those in the Paparoa Shear Zone behaved approximately rigidly. We discuss the implications of some shape change in feldspar on the results below.
[42] The distribution of rotated clasts within a ductile flow field provides a measure of the degree of noncoaxiality of the deformation. This parameter reflects the relative contributions of the stretching rate and the rotation rate of material lines in the flow field. The instantaneous rate of rotation is called the vorticity of flow and can be described by a vector (w) that reveals the direction and magnitude of the rotation. This vector lies perpendicular to the vorticity normal section (VNS), in which material lines and objects rotate. In our application, measurements of shear zone boundaries (SZB, Figure 9a ), stretching lineations, different types of shear indicators, and the X direction of the finite strain ellipsoids were used to identify the finite VNS, which in both shear zones is approximately vertical (Figures 9e  and 9g ). The bulk shear direction lies at the intersection between the shear zone boundary and the VNS. The parallelism among this bulk shear direction, the mineral lineations, and the X directions of the 3-D strain calculations indicate the compatibility of the observations (Figures 9e and 9g) .
[43] A useful means of describing the degree of noncoaxiality for specific planes of observation is a dimensionless quantity called the kinematic vorticity number (W k ). In two dimensions this quantity is a measure of the relative contributions of the simple shear and pure shear components such that W k = 0 for wholly pure shear and W k = 1 for wholly simple shear [Lister and Williams, 1983; Passchier, 1987; Passchier and Urai, 1988] . We used this 2-D measure in specific planes of a 3-D flow field. This is equivalent to the sectional kinematic vorticity number of Robin and Cruden [1994] and Jiang and Williams [1998] . Because pure shear deformation and simple shear deformation accumulate at different rates, equal contributions of pure shear and simple shear occurs at a value of W k = 0.71 (see Tikoff and Fossen [1995] and Bailey et al. [2007] for a general discussion of kinematic vorticity). Exposure of the shear zone boundaries and the measures of mean kinematic vorticity (W m ) allowed us to determine whether the shear zones were thinning or thickening in the vertical plane and the relative contributions of pure and simple shear in this process. [Ghosh et al., 2003] indicate that for large deformations, such as those associated with most shear zones, there is always a stable orientation. The angular width (a) of this field is related to the kinematic vorticity number as shown in the equation in Figure 9a . Within each shear zone, estimates of the width of the field of back rotation made at all three scales were consistent within 2°. This corresponds to errors in W m of ± 0.03. For this reason, all measurements have been combined onto single hyperbolic plots (Figures 9f and 9h) , which represents a scale-independent result.
[45] The kinematic vorticity data indicate that both the Paparoa and the Doubtful Sound shear zones are characterized by subhorizontal (NE-SW) stretching within a flow regime that involved 40-50% pure shear in a vertical plane. The similarity of the results from both shear zones suggest that the degree of noncoaxiality, the shear zone orientations, and the bulk shear directions are independent of temperature and shear zone rheology. This may reflect similar styles of deformation (subhorizontal extension) and the fact that all the sites we used include large feldspar porphyroclasts in a fine-grained mylonitic matrix (compare Figures 7c and 8a) . It also may reflect the fact that the rotational component of deformation in the Doubtful Sound Shear Zone is well recorded by the motion of feldspar grains, allowing us to discern the mean finite kinematic vorticity.
Kinematics at the Scale of the Crustal Section
[46] A convenient graphical method for evaluating kinematic patterns at the crustal scale is described by and Choukroune et al. [1987] . This method involves plotting shear zone data on an equal-area stereographic projection in a coordinate system defined by the finite strain axes of the deformation. In general, the symmetry of the pattern on the plot provides a measure of the relative contributions of pure shear and simple shear to the deformation and provides a good qualitative test of the results of our kinematic vorticity analysis. If the deformation is dominated by simple shear, then the shear zones should show an asymmetric pattern in the X-Z strain axis coordinate system. Alternatively, if the bulk strain is coaxial then the shear zones will display a symmetric pattern in the X-Z plane.
[47] The convention used in constructing a strain symmetry plot involves describing the geometry of each shear zone using three parameters (Figure 10a ). Following the original terminology of Gapais et al. [1987] , the shear direction (L) is taken to be parallel to the stretching lineation in zones of high strain. Our strain measurements and kinematic vorticity analyses (Figures 8, 9 , and 10b) indicate that this approximation works well in both the Doubtful Sound and the Paparoa regions. The normal to the shearing plane (N) is represented by the poles to foliation planes in high-strain zones. In our study these planes approximately parallel the boundaries of each individual shear zone. The normal to the plane of shear (M) also provides a useful measure of shear zone geometry because its orientation depends on both the shear direction and the shearing plane . The finite strain axes (X, Y, Z) we obtained for the Doubtful Sound and Paparoa regions (Figure 8 ) show similar orientations, allowing us to combine the data from both regions onto the same plots.
[48] The results of this analysis reflect the pattern of lozenge-shaped, midcrustal pods that are bounded by two sets of conjugate shear zones recording opposite senses of shear (Figure 10b ). Shear directions (L) lie within or close to the X-Z plane and cluster near the X axis of finite strain (Figure 10c ). The two conjugate sets display an approximately symmetric pattern, suggesting a strong component of pure shear flattening at the scale of the middle and lower crust. Poles to shearing planes (N) tend to form low angles to the X-Z plane and cluster near the Z axis (Figure 10d ). These patterns reflect high finite strains and the approximately symmetric geometry of shear zones that intersect about the Y axis. They also conform to patterns that are expected for approximate plane strain where shear surfaces tend to form conjugate planes at low angles to the foliation planes and shear directions occur mostly in or near the X-Z plane so that they accommodate stretching along X but not Y .
[49] The cluster of M poles (Figure 10e ) near the Y axis (i.e., the center of each stereoplot in Figures 10c-10e ) and perpendicular to the shear direction (L) reflects the development of a preferred orientation of shear directions on lens-shaped shear surfaces . The clustering of N poles near the shortening axis (Z) indicates that the lenses are strongly flattened within the regional foliation at the scale of the middle crust. This pattern is predicted for areas of high flattening strains and supports our interpretation of a significant component of vertical pure shear shortening accompanying extension of the middle and lower crust using kinematic vorticity data ( Figure 9 ) and fold geometries (Figures 4c and 4d) . The approximately symmetric pattern suggests that the pure shear component may be more strongly recorded at the scale of the middle crust than at the local scale, where the vorticity data indicate approximately equal components of pure and simple shear (Figure 9 ). This possibility highlights the importance of evaluating kinematic data at a variety of scales and suggests that the simple shear component could preferentially localized into narrow shear zones while the pure shear component is distributed across a much larger portion of the middle and lower crust. In this view the kinematic patterns indicated by the kinematic vorticity data correspond to the strands of high strain shown in Figure 10b (bold, black lines). The overall patterns displayed by the shear zone data at both the local and the regional scales are consistent with Figure 10b . Black dots are shear zones that record top-down-to-the-northeast displacement, white dots are shear zones that record top-down-to-the-southwest displacement.
an extensional style that resembles crustal-scale boudinage and involved a high degree of strain localization.
U-Pb Geochronology
[50] To determine the absolute age of ductile fabrics in the Doubtful Sound and Paparoa shear zones, we analyzed zircon using laser ablation (LA) inductively coupled plasma mass spectroscopy (ICPMS) at the University of Arizona. Analytical methods and data tables (Table 1) are presented in Appendix A. In most cases the LA-ICPMS data provided information that was difficult or impossible to obtain with other (Thermal Ionization Mass Spectrometry, TIMS, or Sensitive High Resolution Ion MicroProbe, SHRIMP) techniques. Here, we report 206 Pb/ 238 U ages derived from two samples (0422 and 0412) from the Doubtful Sound region and one sample (03CH2) from the Paparoa core complex.
[51] A pegmatitic dike (sample 0422) cuts the S SZ mylonitic foliation of the Doubtful Sound Shear Zone and also is tightly folded within it (Figure 4c ). This syntectonic relationship allows us to place limits on the ages of the S GG and S SZ fabrics. We also analyzed zircon from a diorite (sample 0412) on Secretary Island (Figure 2b ) that intruded parallel to the S 1 gneissic foliation. This sill is one of several that are deformed by a syncline that occurs between two mylonitic (S SZ ) shear zones exposed along Doubtful Sound and Bradshaw Sound (Figure 2b) .
[52] Analyses of most zircons from sample 0422 yielded an age of 102.1 ± 1.8 Ma (Figures 11a and 11b) . A few grains give inheritance ages scattered within the ranges 320-380 Ma and 450-550 Ma (Figure 11a ). High uranium contents and high U/Th ratios in the zircon grains (Figure 11c ) suggest that metamorphism occurred during igneous crystallization of the dike. This interpretation is consistent with its position within the shear zone. These young ages indicate that deformation in the shear zone must have begun before and outlasted 102.1 ± 1.8 Ma. The inherited ages most likely reflect the age of host gneiss in the hanging wall of the shear zone.
[53] Sample 0412 yielded no sign of inheritance and gave an igneous crystallization age of 120.2 ± 2.2 Ma (Figures 11d and 11e) . Zircon tips (Figure 11f ) and cores ( Figure 11g ) have identical ages. These ages confirm that the syncline and shear zones that deform Paleozoic host gneiss in the hanging wall of the Doubtful Sound and Bradshaw Sound shear zones are Cretaceous and not Paleozoic features.
[54] Isotopic data obtained by Spell et al.
[2000] from the Paparoa range using the 40 Ar/ 39 Ar method indicate rapid cooling of the core from midcrustal temperatures of T > 500°C at $110 Ma to T = 170°C by $90 Ma at a rate of $110°C per million years. These results suggest that ductile deformation in the Paparoa and Doubtful Sound shear zones was contemporaneous. To test this interpretation, we analyzed zircon from a granitic dike (sample 03CH2) that cuts across the S 1 foliation in biotite schist of the Charleston Metamorphic Group and is folded. This syntectonic relationship places an upper limit on the age of S 1 and a lower limit on the age of the folding.
[55] Analyses of zircon from sample 03CH2 yielded an age of 113.2 ± 4.3 Ma (Figures 11h and 11i) . These young ages form a good cluster and display a range of U/Th ratios (Figure 11j ), indicating that they could be metamorphic or igneous in origin. Older grains reflect inheritance. Zircon grains that cluster near 300 Ma and are older than 600 Ma record low U/Th ratios, suggesting that they are of igneous origin. The cluster of ages in the range 400-500 Ma has high U/Th ratios, suggesting that they may reflect Paleozoic metamorphism. The young ages, which are most important for our study, indicate that folding in the core is Cretaceous. This latter result proves that Mesozoic extension locally reactivated older Paleozoic fabrics that comprise much of the middle crust.
9. Discussion
Evolution of the Lower and Middle Crust During Extension
[56] The age and tectonic significance of superposed lower and middle crustal fabrics has been an unsolved problem in Fiordland for many years. Prior to our study, only one U-Pb zircon date (119 ± 5 Ma, 1s) had been obtained from an upper amphibolite facies sample in the Doubtful Sound region [Gibson et al., 1988] and none from the hanging wall of the Doubtful Sound Shear Zone. The interpretation presented by these authors is that this age corresponds to movement along the Doubtful Sound Shear Zone. However, this is inconsistent with crosscutting relationships and the 116-112 Ma age of the WFO batholith in the area Tulloch and Kimbrough, 2003; Hollis et al., 2004] .
[57] The structural, petrologic, and isotopic data reported in this paper allow us to place new constraints on the ages and progressive evolution of lower crustal fabrics in central Fiordland. Crosscutting relationships and U-Pb data on zircon reveal a rapid progression from magmatic flow (S WFO ) to high-T (T > 700°C) subsolidus deformation at the garnet granulite facies (L GG -S GG ) and, finally, to cooler (T = 550-650°C) deformation in networks of narrow upper amphibolite facies shear zones (L SZ -S SZ ). The dates from sample 0412, together with those reported by Hollis et al. [2004] from Crooked Arm, indicate that emplacement of the WFO and its satellite intrusions began at $120 Ma, and that most bodies in the lower crust had crystallized by 114 ± 2.2 Ma. The ages (102.1 ± 1.8 Ma) from sample 0422 and our P-T determinations link the formation of the upper amphibolite facies shear zones to a period (114-111 Ma) of lower crustal cooling following magmatism and granulite facies metamorphism (Figure 12 ). This result agrees well with data reported by Flowers et al. [2005] , who showed that the WFO and its host rock cooled from T > 750°C through 550 -650°C by $111 Ma without involving significant exhumation. Our work indicates that extensioninduced exhumation and decompression occurred after circa 111 Ma when deformation was localized in narrow midcrustal shear zones. Crosscutting relationships between the Doubtful Sound Shear Zone and a pegmatite that yielded an age of 88.4 ± 1.2 Ma [King et al., 2005; King, 2006] indicate that all deformation in the lower crustal shear zone terminated prior to circa 90 Ma ( Figure 12 ).
[58] The 113.2 ± 4.3 Ma ages we obtained from sample 03CH2 show that Cretaceous deformation in the midcrustal core of the Paparoa range, as well as along the detachments, occurred contemporaneously with ductile flow in the middle and lower crustal exposures in central Fiordland. The ages we obtained are in good agreement with previous ages from the Charleston Metamorphic Group reported by Tulloch and Kimbrough [1989] , Ireland and Gibson [1998] , and Spell et al. [2000] . They are also similar to 109-111 Ma crystallization ages for the Buckland granite (Figure 3a ) obtained by Muir et al. [1997] and Ireland and Gibson [1998] . These data establish the central Fiordland-Paparoa extensional system as one of the oldest in New Zealand, a conclusion also reached by Kula et al. [2005] .
[59] In addition to resolving previously conflicting interpretations on the age of extensional deformation in the lower crust, our data show that the mechanism of lower crustal cooling in central Fiordland differs from that which accompanied cooling in northern Fiordland. In northern Fiordland, lower crustal cooling occurred within a regime of contraction as arc-related magmatism waned and partial melts migrated out of the lower crust Marcotte et al., 2005] . Our results indicate that the initiation of crustal extension, as recorded by the L GG -S GG fabric, occurred in central Fiordland between 114 and 111 Ma ( Figure 12 ). The fact that this extensional fabric does not occur in northern Fiordland, strongly suggests that extension preferentially localized into central Fiordland crust, which was hot and weak during this interval. It also indicates that zones of lower crustal weakening due to the injection of magma and heat are spatially extremely heterogeneous and transient.
[60] The dates from sample 0422 and crosscutting relationships between the L GG -S GG and L SZ -S SZ fabrics indicate that the period of high-T deformation and crustal thinning associated with granulite facies metamorphism was shortlived, lasting 3 -4 Ma. The high-T L GG -S GG fabric formed before $111 Ma at deep (35 -40 km) levels within the lower crust, the cooler L SZ -S SZ fabric formed after $111 Ma at shallower depths (25 -30 km) . This trajectory of rapid cooling ( Figure 12 ) implies that the effective viscosity of the lower crust also increased and its mechanical behavior changed as the extension proceeded. This interpretation is based partly on the dependence of lower crustal viscosity on temperature, which is independent of the specific rheology used [Turcotte and Schubert, 2002] . Numerical studies also show a similar interdependence between temperature and the mechanical behavior of deforming middle and lower crust [Jamieson et al., 2002; Vanderhaeghe et al., 2003] . The lack of migmatite or evidence of widespread partial melting in the middle and lower crust during the period 111 -90 Ma also supports a relatively cool, strong lower crust beneath the developing core complexes. The paucity of migmatite reflects the infertility of the mafic orthogneiss [Daczko et al., 2001b; Antignano, 2002] and contrasts with migmatite domes, such as the Naxos gneiss dome in Greece [Vanderhaeghe, 2004] , the Central Gneiss Complex in coastal British Columbia [Andronicos et al., 2003] , and the Fosdick gneiss dome in West Antarctica [Siddoway et al., 2004] . This conclusion is similar to one reached by Daczko et al. [2002c] and Klepeis et al. [2004] in northern Fiordland. The removal of heat by fluid transfer and conductive heat loss as cool middle crust was juxtaposed against warmer lower crust during crustal thinning and extension appears to have aided lower crustal cooling. Our interpretation also agrees well with the conclusions of McKenzie and Jackson [2002] , who showed that the characteristics of lower crustal flow are a consequence of the timescale over which changes in viscosity occur and that this timescale may be controlled by the conductive cooling of intrusions and/or by the removal of melt.
[61] At the same time as the lower crust cooled, the inherently weak quartz and biotite assemblages that dominate the middle crust accentuated the strength contrast between the middle and lower crust. These patterns suggest that the combination of rapid cooling and strength differences created by lithologic contrasts resulted in a lower crust that was strong relative to the middle crust during the interval 111 -90 Ma. Accompanying these changing conditions, deformation became increasingly partitioned into the middle crust and along its boundary with the lower crust. This localization of strain into arrays of narrow shear 
Model of Core Complex-Style Extension
[62] The results of our study show that any model of midLate Cretaceous extension in western New Zealand must explain the following observations: (1) The initiation of subhorizontal flow and vertical thinning of the lower crust in central Fiordland at garnet granulite facies conditions (T > 700°C) at or shortly after 114 Ma. (2) Cooling of the lower crust to T = 550-650°C by circa 111 Ma [Flowers et al., 2005] . (3) The formation of thin ($0.5 km) networks of upper amphibolite facies shear zones that cut through the middle and lower crust. (4) Collapse of the upper crust and exhumation of the middle crust but not the lower crust above networks of symmetric, conjugate-style midcrustal shear zones during the period 111 -90 Ma. Below we present a three-stage tectonic model of extension ( Figure 13 ) that incorporates transient lower crustal weakening followed by ductile deformation that progressively localized into a relatively weak middle crust. This model is consistent with a ''bottom-driven'' system where subhorizontal flow begins in the lower crust and induces the collapse and dismemberment of the upper crust above midcrustal shear zones. Similar types of models where continental deformation is controlled by flow in the deep crust and mantle are described by Tikoff et al. [2002 Tikoff et al. [ , 2004 and Giorgis et al. [2004] .
[63] Emplacement of mafic-intermediate magma into a layered lower crust occurs during the interval 120 -114 Ma ( Figure 13a ). The initiation of subhorizontal flow and vertical thinning of the lower crust begins at $114 Ma and is localized into areas weakened by magmatism and heat (Figure 13b ). Granulite facies shear zones form in the lower crust during the period 114 -111 Ma. At these times the lower crust is weaker than the middle crust due to the elevated temperatures (T > 700°C) and the residual effects of magmatism. By $111 the lower crust cools to T < 650°C as a result of extension-induced exhumation. Between $111 and $90 Ma, when the lower crust is relatively cool (T = 550 -650°C), deformation progressively localizes in the middle crust and along the boundary between the middle and lower crust where strength contrasts due to lithologic differences control deformation partitioning (Figure 13c ). Extension during this third stage results in the formation of the thin upper amphibolite facies shear zones. These narrow zones relay displacements through a ductilely deforming middle crust along conjugate-style shear zones that eventually exhume midcrustal material. Although most of the deformation is localized in the middle crust a few narrow shear zones penetrated the lower crust (Figures 2c and 13c) . These latter shear zones are required for kinematic compatibility among the deforming layers of the lithosphere. However, the lower crust is not exhumed at this time, implying that the magnitude of displacement on individual shear zones was moderate but not extreme, with displacements distributed among many shear zones. Estimates based on differences in metamorphic pressures across the Doubtful Sound [cf. Oliver, 1977] and Mount Irene [Scott and Cooper, 2006] shear zones suggest displacement magnitudes on the order of 10-20 km. The resulting lower crustal structure (Figure 13c ) resembles large-scale boudinage.
[64] The occurrence of this highly focused, conjugate style of upper amphibolite facies deformation in Fiordland and the Paparoa Range invites comparison to previously published models of lithospheric-scale extension at other continental margins. Nagel and Buck [2004] describe a numerical simulation of continental rifting that explains structural features at magma-poor margins such as the Galicia margin west of the Iberian Peninsula and the Apulia Margin in the Alps. In their model, symmetric styles of extension result from the collapse of the upper crust above a horizontal midcrustal shear zone on top of a relatively strong lower crust. Thermal perturbations locally aid extension and the lower crust is not exhumed within the continental margin. These characteristics and their causes are similar to those displayed by the New Zealand example. Our data augment this model by suggesting that changing thermal conditions in the lower crust and a compositionally stratified crustal column can enhance weakness in the middle crust and lead to a highly localized form of extension. These factors, combined with a flow regime involving both pure and simple shear components, led to a symmetric style of shear zone development. The similar kinematics, ages, and styles of mylonitic deformation exhibited by central Fiordland (the Doubtful Sound and Resolution Island shear zones) and the Paparoa core complex (the Paparoa Shear Zone) during the 111 -90 Ma period also suggest that shear zones forming at different depths within the middle crust involved coordinated, kinematically coupled flow. Our results illustrate the transient nature of lower crustal weakening and that midcrustal processes controlled the formation of core complexes in New Zealand.
[65] The progressive localization of extensional deformation into a weak middle crust and the style of crustal-scale boudinage that results is similar to processes observed in Figure 11 . U-Pb isotopic data from zircon collected using laser ablation ICPMS. (a), (d) and (h) Concordia plots that show all analyses from samples 0422, 0412, and 03CH2, respectively. See Figures 2b and 3a for sample locations. Error ellipses on these plots are at the 1s level, ages are shown at the 2s level. An explanation of methods is provided in Appendix A. (b), (e), (f), (g), and (i) show the distribution of 206 Pb/ 238 U ages measured. Two uncertainties are shown; those labeled ''age'' include all errors, whereas the ''mean'' includes only the random (measurement) errors. The larger uncertainty is reported as the age of the grains in the text. Note that these uncertainties are shown at 2s levels, whereas the error bars for individual analyses are shown at 1s levels. (c) and (j) U/Th versus 206 Pb/ 238 U ages for samples 0422 and 03CH2, respectively. These plots helped us to discriminate between igneous and metamorphic zircon. See text for explanation.
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KLEPEIS ET AL.: CONTINENTAL EXTENSION IN NEW ZEALAND some extensional gneiss domes in the Aegean Sea. Jolivet et al. [2004] describe the extensional unroofing of middle crust in the Tinos gneiss dome as a result of the progressive localization of deformation into detachment faults during stretching and crustal-scale boudinage. In this case a series of subparallel detachment faults that root into the middle crust formed in high-strain zones between individual boudins. Strain localization, and the boudinage, was a direct consequence of the original heterogeneity of the deformed material and a rheological stratification of the lithosphere [see also Karlstrom and Williams, 1998 ]. Fluid infiltration into the middle crust enhanced the localization process. Displacements on the faults caused the extensional unroofing of the middle crust but not the lower crust. Lower crust was exhumed only in areas that record extreme extension in a hot lower crust. The similarities among the Aegean and Fiordland examples suggest that relatively cool lower crustal temperatures and ductile flow that is focused into a weak middle crust may inhibit amplification of displacements in detachment faults, leading to exhumation of middle but not lower crust. This result, and the predominantly symmetric style of extension at the crustal-scale, also conforms to the predictions of numerical models that incorporated layers of variable strength. For example, Huismans et al. [2005] showed that symmetric, pure shear-dominated styles of extension are promoted by fast rates of extension of cold, high-viscosity lithosphere whereas slow rates of extension of weak lithosphere tend to promote asymmetric, simple shear-dominated styles.
[66] The results of our analysis of flow patterns in the middle crust during the extensional collapse and dismemberment of the upper crust (111 -90 Ma interval) allows us to characterize this process. The kinematic data suggest a symmetric to slightly asymmetric style of extension at the scale of the middle crust. Subhorizontal (NE-SW) flow of the middle and lower crust was accommodated by vertical thinning, involving approximately equal amounts of pure shear and simple shear, and a localization of strain into networks of thin, conjugate-style shear zones. The predominance of horizontal fabrics in central Fiordland is expected for areas where vertical thinning and lateral flow accommodate extensional deformation. High rates of lateral flow also explain why rapid cooling during the 114 -111 Ma interval (stage 2) was not accompanied by significant exhumation (Figures 11 and 12b ). Only after circa 111 Ma when midcrustal shear zones that cut across the middle and lower crust formed did exhumation of the middle crust begin. This implies that cooling prior to circa 111 Ma was controlled by vertical thinning (necking) of the lower crust or by some other mechanism.
Conclusions
[67] The results of a field-based investigation of exhumed middle and lower crust illustrate the important role of a weak middle crust in controlling the behavior of extending continental lithosphere and the formation of metamorphic [1988] . Results from this study are marked with black squares. Deformation history is based on field data reported in this study. core complexes. Central Fiordland exposes a 10-15 km thick section of lower crust composed of both wet (amphibolite) and dry (granulite) varieties of metagabbro and metadiorite. A 15 km thick section of middle crust exposed in Fiordland and the Paparoa core complex in Westland is composed mostly of paragneiss, quartz-biotite schist, marble, granite and various other igneous units.
[68] Superposed lower crustal fabrics in the footwalls of two major upper amphibolite facies shear zones, the Doubtful Sound and Resolution Island shear zones, record a transition from magmatic flow to high-temperature deformation at the garnet granulite facies (T > 700°C; P = 12 kbar) to cooler deformation at the upper amphibolite facies (T = 550-650°C, P = 7 -9 kbar). Kinematic data, P-T determinations, and U-Pb isotopic analyses on zircon indicate that crustal thinning and subhorizontal stretching initiated in parts of the lower crust that were weakened by magma and heat by $114 Ma. However, as the lower crust rapidly cooled and strengthened over a period of 3 -4 Ma, deformation progressively localized into a middle crust that was weak relative to the lower crust.
[69] The progressive localization of strain into the middle crust after circa 111 Ma resulted in the formation of conjugate-style arrays of mylonitic shear zones that dissected the middle crust and, in the case of the Doubtful Sound and Resolution Island shear zones, penetrated into the lower crust. Displacements within these arrays resulted in a structural style that resembles crustal-scale boudinage. Strain and kinematic vorticity data indicate that the upper and lower parts of the middle crust (depths of 15-20 km and 25-30 km, respectively) record different rheologies but similar flow patterns involving pure shear-dominated vertical thinning and subhorizontal stretching. In the upper crust, the Pike and Ohika detachment faults dip in opposite directions and display opposite senses of shear. Ductile flow in the middle crust and displacements on these detachment faults were kinematically compatible and resulted in the exhumation of midcrustal material and formation of the Paparoa metamorphic core complex during the interval 111 -90 Ma. The lower crust was not exhumed during this period.
[70] Our results provide direct confirmation that horizontal stretching and vertical thinning in a middle crust that is weak relative to the lower crust can result in the formation of metamorphic core complexes. The data support models suggesting that core complex formation occurred after the lower crust had cooled significantly and was strong and highly viscous relative to the middle crust. Initial weakening of the lower crust by magma and heat was followed by fluid-enhanced weakening in narrow hydrous shear zones in the middle crust. Time-space relationships support a ''bottom-driven'' model of extension where subhorizontal flow initiated in the lower crust prior to the collapse and dismemberment of the upper crust. Comparisons between northern and central Fiordland suggest that rheological transitions linked to lower crustal magmatism and their effects on the mechanical behavior of continental lithosphere may be much more heterogeneous and short-lived than previously believed.
Appendix A: U-Pb Analytical Methods
[71] Zircons were analyzed with a Micromass Isoprobe multicollector ICPMS equipped with 9 faraday collectors, an axial Daly detector, and four ion-counting channels. The Isoprobe is equipped with a New Wave DUV 193 laser ablation system with an emission wavelength of 193 nm. The analyses were conducted on 35 mm spots with an output energy of $40 mJ and a repetition rate of 8 Hz. Each analysis consisted of one 20-s integration on the backgrounds (on peaks with no laser firing) and twenty 1-s integrations on peaks with the laser firing. The depth of each ablation pit is $20 mm. The collector configuration allows simultaneous measurement of 204 Pb in a secondary electron multiplier while 206
